Introduction {#Sec1}
============

One of the primary goals of ultra-relativistic heavy-ion collisions is the study of the hot and dense medium formed there, usually referred to as the quark-gluon plasma (QGP) \[[@CR1]--[@CR5]\]. The existence of the QGP phase of nuclear matter has been confirmed by a wealth of experimental data \[[@CR5], [@CR6]\]. In particular, properties related to the collective expansion of the QGP (e.g. the equation of state \[[@CR7]\] and shear viscosity \[[@CR8]\]) are inferred from measurements of azimuthal anisotropies of produced particles. It is now understood that the azimuthal anisotropy results from large initial pressure gradients in the hot, dense matter created in the collisions \[[@CR9], [@CR10]\]. These pressure gradients transform the initial spatial anisotropies of nuclear collisions into momentum anisotropies of the final-state particle production, which are experimentally characterized by Fourier (flow) harmonics of the azimuthal angle distributions of produced particles. The discovery of large flow harmonics at RHIC, and more recently at much higher collision energy at the LHC \[[@CR11]--[@CR14]\], has significantly deepened the understanding of the QGP, as explored theoretically by the QCD lattice \[[@CR15]\]. In particular, the recent measurements of azimuthal anisotropy help to constrain the commonly used modelling of the dynamics of heavy-ion collisions based on relativistic viscous hydrodynamics. Typically, in the hydrodynamic models, a strongly interacting quark--gluon medium is formed shortly after the collision and its evolution is well described by relativistic fluid dynamics \[[@CR8]\]. Detailed investigations, based on hydrodynamics, have shown that the produced medium has properties similar to those of an almost ideal fluid characterized by a very low ratio of viscosity to entropy density, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta /s$$\end{document}$. Precise azimuthal anisotropy measurements over a wide range in kinematic variables and centrality are key elements to improving our understanding of the strongly coupled QGP because of their unique sensitivity to $\documentclass[12pt]{minimal}
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The azimuthal angular distribution of single produced particles can be expanded in a Fourier series \[[@CR16], [@CR17]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{\text {d}N}{\text {d}\phi } = \frac{N_{0}}{2\pi }\left( 1+ \sum _{n=1} 2v_{n} \cos \left[ n\left( \phi - \Phi _n\right) \right] \right) , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$N_0$$\end{document}$ is the total particle yield, $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$ is the azimuthal angle of the produced particles and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Phi _n$$\end{document}$ are, respectively, the magnitude of the *n*th-order azimuthal anisotropy and the orientation of the *n*th-order symmetry plane. The $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{n}$$\end{document}$ coefficients -- also called *flow harmonics* -- are typically measured as a function of particle pseudorapidity[1](#Fn1){ref-type="fn"} ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$), and the degree of overlap between the colliding nuclei (centrality). Event-by-event fluctuations in the number and position of the interacting nucleons give rise to anisotropic flow fluctuations \[[@CR18]\].
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                \begin{document}$$v_{1}$$\end{document}$, is known as *directed flow* and refers to the sideward motion of participants in ultra-relativistic nuclear collisions, and it carries information from the early stage of the collision. The most extensive studies are related to the second flow harmonic, $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$, also known as *elliptic flow*. Elliptic flow is sensitive to the initial spatial asymmetry of the almond-shaped overlapping zone of the colliding nuclei. The higher-order coefficients, $\documentclass[12pt]{minimal}
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                \begin{document}$$n>2$$\end{document}$, are also important due to their sensitivity to initial-state geometric fluctuations and viscous effects \[[@CR16]--[@CR18]\].

During the first operational period at the LHC (Run 1) lead ions were collided at energy per colliding nucleon--nucleon pair $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{TeV}$$\end{document}$, which is about 13 times larger than the highest collision energy attained at RHIC in Au+Au collisions. ATLAS and other LHC experiments collected large samples of heavy-ion data enabling extensive studies of the elliptic flow and higher-order Fourier coefficients. ATLAS measurements of flow harmonics were performed in broad regions of transverse momentum, pseudorapidity and event centrality, using the standard event-plane (EP) method \[[@CR12]\], two-particle correlations (2PC) \[[@CR13]\] and multi-particle cumulants \[[@CR19]\]. Significant (non-zero) flow harmonics up to $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{TeV}$$\end{document}$, which provide important constraints on the bulk and shear viscosity of the QGP medium \[[@CR20]\]. Additionally, by comparing RHIC (STAR \[[@CR21]\] and PHENIX \[[@CR22]\]) and LHC (ATLAS \[[@CR12]\], ALICE \[[@CR23]\] and CMS \[[@CR24]\]) results, it was found that for similar centrality of Au+Au and Pb+Pb interactions, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{n}$$\end{document}$ as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$is approximately independent of collision energy. There is an initial rise of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$up to about 3 $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$, and only weak dependence for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}~> ~8{-}9~\mathrm{GeV}$$\end{document}$. As a function of centrality, there is similarly little variation with collision energy. The second harmonic, $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$, exhibits the most pronounced centrality variation, rising to a maximum for mid-central collisions, and then falling off for the most central collisions, reflecting variations in the shape of the initial collision geometry. The harmonic, $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{3}$$\end{document}$, referred as triangular flow, which has a value similar to $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{2}$$\end{document}$ in central collisions, shows a weaker dependence on centrality, as do the higher-order harmonics.

At the start of the second operational period of the LHC (Run 2), in November and December of 2015, lead--lead collisions with higher collision energy per nucleon pair of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{TeV}$$\end{document}$ were collected by the LHC experiments. The goal of this paper is to present and discuss the first ATLAS measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{n}$$\end{document}$ harmonics at this energy, using the two-particle correlation \[[@CR17]\], scalar-product (SP) \[[@CR25]\] and event-plane \[[@CR16], [@CR17]\] methods. Comparing the 2PC and SP results can quantify the extent to which the two-particle correlations factorize into the product of the flow harmonics corresponding to single-particle angular distributions \[[@CR26], [@CR27]\]. While the SP and EP methods are expected to yield similar values of the $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{n}$$\end{document}$, small variations due to their different sensitivity to initial-state geometric fluctuations can nevertheless occur \[[@CR28]\]. To study the energy dependence, the 2PC and EP flow harmonics are compared with previous ATLAS measurements in 2.76 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{TeV}$$\end{document}$ Pb+Pb collisions \[[@CR12], [@CR13]\]. The results presented in this paper, together with the results on azimuthal anisotropy from other LHC experiments \[[@CR29], [@CR30]\], provide further opportunity to study the properties of the QGP, constrain hydrodynamic models, study transport coefficients and extract the temperature dependence of transport coefficients, including $\documentclass[12pt]{minimal}
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The organization of this paper is as follows. Section [2](#Sec2){ref-type="sec"} gives a brief overview of the ATLAS detector and the subsystems that are used in this analysis. Section [3](#Sec3){ref-type="sec"} describes the datasets, triggers and the offline selection criteria used to select events and charged-particle tracks. Section [4](#Sec4){ref-type="sec"} gives details of the scalar-product, event-plane and two-particle correlation methods, which are used to measure the $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{n}$$\end{document}$ and comparisons of results from the different methods. Section [7](#Sec16){ref-type="sec"} gives a summary of the main results and observations.

Experimental set-up {#Sec2}
===================

The measurements were performed using the ATLAS detector \[[@CR31]\] at the LHC. The principal components used in this analysis are the inner detector (ID), minimum-bias trigger scintillators (MBTS), calorimeter, zero-degree calorimeters (ZDC), and the trigger and data acquisition systems. The ID detects charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |~<~2.5$$\end{document}$ using a combination of silicon pixel detectors, including the "insertable B-layer" \[[@CR32], [@CR33]\] that was installed between Run 1 and Run 2, silicon microstrip detectors (SCT), and a straw-tube transition radiation tracker (TRT), all immersed in a 2 T axial magnetic field \[[@CR34]\]. The MBTS system detects charged particles over $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.07< |\eta | < 3.86$$\end{document}$ using two scintillator-based hodoscopes on each side of the detector, positioned at $\documentclass[12pt]{minimal}
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                \begin{document}$$z=\pm 3.6~{\mathrm m}$$\end{document}$. These hodoscopes were rebuilt between Run 1 and Run 2. The ATLAS calorimeter system consists of a liquid argon (LAr) electromagnetic (EM) calorimeter covering $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |~>~8.3$$\end{document}$. The ZDC use tungsten plates as absorbers, and quartz rods sandwiched between the tungsten plates as the active medium. The ATLAS trigger system \[[@CR35]\] consists of a first-level (L1) trigger implemented using a combination of dedicated electronics and programmable logic, and a software-based high-level trigger.

Event and track selection {#Sec3}
=========================

The Pb+Pb dataset used in this paper corresponds to an integrated luminosity of 0.49 $\documentclass[12pt]{minimal}
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In the offline analysis the *z* coordinate of the primary vertex \[[@CR36]\] is required to be within 10 cm of the nominal interaction point. The fraction of events containing more than one inelastic interaction (pile-up) is estimated to be at the level of 0.2%. The fraction varies with $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma E_\mathrm {T}^\mathrm {FCal}$$\end{document}$, and for ultra-central collisions it amounts to a few percent. Pile-up events were removed by exploiting the correlations between the transverse energy measured in the FCal and in the ZDC as well as the number of tracks associated with the primary vertex, $\documentclass[12pt]{minimal}
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                \begin{document}$$N^{\mathrm {rec}}_{\mathrm {ch}}$$\end{document}$. As the pile-up is very small, in a typical pile-up event the track multiplicity associated with the primary vertex belongs to a single Pb+Pb collision, while the energy deposited in calorimeters contains contributions from multiple, mostly two, collisions. Therefore, events with small values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma E_\mathrm {T}^\mathrm {FCal}$$\end{document}$ that differ markedly from those of the majority of Pb+Pb collisions are removed from the analysis \[[@CR19]\]. In addition, the anti-correlation between the $\documentclass[12pt]{minimal}
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The heavy-ion collision geometry is defined by its impact parameter, *b*. As the actual event-by-event impact parameter is not accessible experimentally, the centrality classification is based on the transverse energy measured in the forward calorimeter, $\documentclass[12pt]{minimal}
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In order to study the performance of the ATLAS detector, a minimum-bias sample of 4M Pb+Pb MC events was generated using version 1.38b of HIJING \[[@CR39]\]. The effect of flow was added after the generation using an "afterburner" \[[@CR40]\] procedure in which the $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.5$$\end{document}$, at least two pixel hits, with the additional requirement of a hit in the first pixel layer when one is expected, at least eight SCT hits, and at most one missing hit in the SCT. A hit is expected if the extrapolated track crosses an active region of a pixel module that has not been disabled, and a hit is said to be missing when it is expected but not found. In addition, the transverse ($\documentclass[12pt]{minimal}
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The MC sample is used to determine the track-reconstruction efficiency as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}> 1~\mathrm{GeV}$$\end{document}$ the dependence on centrality is less than 1%.

The fraction of tracks that are not matched to primary, generated MC particles or are produced from random combinations of hits in the ID, both referred to as "fake tracks", is found to depend significantly on $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$ tracks in the most central 5% Pb+Pb events, and about 5% for more peripheral collisions. In the forward part of the detector, especially for $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}\ > 10~\mathrm{GeV}$$\end{document}$ and 0--5% centrality it rises to about 5%.

Analysis procedure {#Sec4}
==================

Three analysis techniques are used to determine the flow harmonics: the two-particle correlation method, which uses only the information from the tracking detectors, and the scalar-product and event-plane methods, which also use information from the FCal.

In all approaches the differential flow harmonics are first obtained in narrow intervals of $\documentclass[12pt]{minimal}
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All analysis methods utilize the minimum-bias sample of 22 $\documentclass[12pt]{minimal}
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Two-particle correlation analysis {#Sec5}
---------------------------------

The 2PC method has been used extensively by ATLAS for correlation measurements \[[@CR13], [@CR43]--[@CR48]\]. In the 2PC method, the distribution of particle pairs in relative azimuthal angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \eta =\eta ^a-\eta ^b $$\end{document}$ is measured. Here the labels *a* and *b* denote the two particles used to make the pair. They are conventionally called the "trigger" and "associated" particles, respectively. In this analysis, the two particles are charged particles reconstructed by the ATLAS tracking system, over the full azimuth and $\documentclass[12pt]{minimal}
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In order to account for the detector acceptance effects, the correlation is constructed from the ratio of the distribution in which the trigger and associated particles are taken from the same event to the distribution in which the trigger and associated particles are taken from two different events. These two distributions are referred to as the "same-event" (*S*) or "foreground" distribution and the "mixed-event" or "background" (*B*) distribution, respectively, and the ratio is written as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} C(\Delta \eta ,\Delta \phi ) =\frac{S(\Delta \phi ,\Delta \eta )}{B(\Delta \phi ,\Delta \eta )}. \end{aligned}$$\end{document}$$The same-event distribution includes both the physical correlations and correlations arising from detector acceptance effects. On the other hand, the mixed-event distribution reflects only the effects of detector inefficiencies and non-uniformity, but contains no physical correlations. To ensure that the acceptance effects in the *B* distribution match closely those in the *S* distribution, the *B* distribution is constructed from particles from two different events that have similar multiplicity and *z*-vertex. Furthermore, in order to account for the effects of tracking efficiency $\documentclass[12pt]{minimal}
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Scalar product and event plane analysis {#Sec6}
---------------------------------------

The SP method was introduced by the STAR Collaboration \[[@CR25]\] and is further discussed in Ref. \[[@CR17]\]. The SP method is very similar to the Event Plane method (EP) widely used in earlier analyses \[[@CR12], [@CR13]\]. It is superior to the EP as $\documentclass[12pt]{minimal}
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The main idea of the SP method is to correlate single-track unit flow vectors with the flow vector of all particles measured in the FCal region ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3.2< |\eta | < 4.9$$\end{document}$). Therefore, the SP method differs from the two-particle correlation method, in which each single track is correlated with all tracks of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\Delta \eta |>2$$\end{document}$ in the event. The values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_{n} $$\end{document}$ in this analysis are obtained as:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} v_{n}\{\mathrm {SP}\}= & {} Re \frac{\langle q_{n,j}Q_{n}^{N|P*} \rangle }{\sqrt{\langle Q_{n}^{N}Q_{n}^{P*}\rangle }}\nonumber \\= & {} \frac{\langle |q_{n,j}||Q_{n}^{N|P}|\cos [n(\phi _{j} - \Psi _{n}^{N|P})] \rangle }{\sqrt{\langle |Q_{n}^{N}||Q_{n}^{P}|\cos [n(\Psi _{n}^{N} - \Psi _{n}^{P})] \rangle }}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q_{n,j}$$\end{document}$ is the flow vector obtained for a small ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta , p_{\mathrm{T}}$$\end{document}$) interval (typically 0.1 in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ and 0.1 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{GeV}$$\end{document}$ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}}$$\end{document}$below 5 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{GeV}$$\end{document}$ and 1 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{GeV}$$\end{document}$ at higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}}$$\end{document}$) using tracks, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n}^{N|P}$$\end{document}$ is the flow vector obtained using either the N or P side of the FCal, chosen so that the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ gap between the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$q_{n,j}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n}$$\end{document}$ is maximized, the \* denotes complex conjugation, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Psi _{n}$$\end{document}$ are estimates of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$n^{\text {th}}$$\end{document}$-order reaction-plane angles (Eq. ([1](#Equ1){ref-type=""})) and the angular brackets indicate an average over all events. In the last line of Eq. ([6](#Equ6){ref-type=""}) it is assumed that the sine terms disappear, as required from symmetry. The correction factor, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\sqrt{\langle Q_{n}^{N}Q_{n}^{P*}\rangle }$$\end{document}$, (Eq. ([6](#Equ6){ref-type=""})) depends on the harmonic order and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Sigma E_\mathrm {T}^\mathrm {FCal}$$\end{document}$ as shown in the left panel of Fig. [4](#Fig4){ref-type="fig"}. The event-plane angles, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Psi _{n}$$\end{document}$, and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n}$$\end{document}$ vectors, both measured in the FCal, may be biased due to non-uniform detector response. As $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Psi _{n}$$\end{document}$ varies randomly from event to event, its distribution should be uniform, and the components of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_n$$\end{document}$ vector, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n,x} = |Q_{n,}|\mathrm {cos}(\Psi _{n})$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n,y} = |Q_{n}|\mathrm {sin}(\Psi _{n})$$\end{document}$, should be zero when averaged over many events. This is achieved by the following procedure. In its first step, non-zero offsets of the mean of raw flow vector coordinates are removed for each run: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n,i} =Q^{\mathrm {raw}}_{n,i} - \langle Q^{\mathrm {raw}}_{n,i}\rangle $$\end{document}$ where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i=x,y$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle Q^{\mathrm {raw}}_{n}\rangle $$\end{document}$ is the mean calculated for each run. However, even after this correction, residual higher-order non-uniformities persist, indicated by non-zero values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle Q_{n,x}Q_{n,y}\rangle $$\end{document}$. These are removed by rotating the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n}$$\end{document}$ vector so that the corrected $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{n}$$\end{document}$ vector has no skew ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle Q_{n,x}^{2}\rangle = \langle Q_{n,y}^{2}\rangle $$\end{document}$; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle Q_{n,x} Q_{n,y}\rangle = 0$$\end{document}$) and the distributions of the resulting EP angles, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Psi _{n}$$\end{document}$, are uniform \[[@CR52]\].Fig. 4The dependence of the correction factor in the SP method, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{\langle Q_{n}^{N}Q_{n}^{P*}\rangle }$$\end{document}$ (left panel), and EP method, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{\Big \langle \frac{Q_{n}^{N} Q_{n}^{P*}}{|Q_{n}^{N} ||Q_{n}^{P}|}\Big \rangle }$$\end{document}$ (right panel), for all measured harmonics as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Sigma E_\mathrm {T}^\mathrm {FCal}$$\end{document}$ binned according to the centrality bins definition

In the Event Plane analysis the reference $\documentclass[12pt]{minimal}
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In this analysis the EP method is used only for the purpose of a direct comparison with the results obtained in Run 1 \[[@CR13]\], in which only the EP method was used.

The analysis is performed in intervals of centrality. The $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec7}
========================

The systematic uncertainties of the measured $\documentclass[12pt]{minimal}
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### The scalar product and two-particle correlation methods comparison {#Sec11}

A comparison of the SP and 2PC results is presented in Fig. [8](#Fig8){ref-type="fig"}. In general, results from the two methods are quite consistent. There is a significant difference in $\documentclass[12pt]{minimal}
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Summary {#Sec16}
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The set of results on flow harmonics presented in this paper provides a tool for studies of the underlying mechanism leading to the large azimuthal anisotropy observed in the Pb+Pb collision system, and can be used to constrain the theoretical modelling of the initial state of the QGP, its subsequent hydrodynamic evolution as well as partonic energy loss in the dense and hot medium.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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